Background. In 2009, quadrivalent human papillomavirus (HPV) vaccine was introduced in a school-based single-cohort program targeting 12-year-old girls in Norway. We estimated the impact of the Norwegian HPV immunization program.
of all cases of cervical cancer, whereas HPV-6 and HPV-11 cause 90% of genital warts [2] .
In Norway, the HPV vaccine has been offered in a schoolbased immunization program with single-cohort delivery to 12-year-old girls since 2009. In contrast to most Western countries, no catch-up vaccination of older girls was initially offered.
Since the HPV vaccine was first introduced in national programs in 2007, several studies have described real-life effectiveness including reduction of precancerous cervical lesions among vaccinated women [3] [4] [5] [6] [7] . In addition to the direct effect against vaccine types, the population-level effectiveness will depend on cross-protection against nonvaccine types as well as the extent of herd protection achieved in a given setting. To our knowledge, previous effectiveness studies have only been performed in countries with catch-up vaccination. HPV vaccines are prophylactic and do not clear ongoing infections. In clinical trials in women aged 16-26 years, the efficacy of HPV vaccines is higher in HPV-naive populations than in total vaccinated cohorts, reflecting the lack of protection against ongoing HPV infections [8, 9] . Thus, protection is likely to be less effective in older catch-up populations, in comparison to young and mostly HPV-naive populations. Effectiveness data from school-based programs in countries with single-cohort delivery only have not been reported.
Three HPV vaccines including antigens from 2, 4, or 9 HPV types are currently licensed. The quadrivalent vaccine, including antigens against HPV-6/11/16/18, was used in Norway until 2017. The HPV vaccine uptake increased from 70% in the first birth cohort that was eligible for HPV vaccination (born in 1997) [10] to 89% among girls born in 2004 [11] .
In Norway, organized cervical screening is not offered until the age of 25. Thus, screening data are not suitable to assess early vaccine impact. Consequently, a national HPV surveillance program comprising a series of nationwide, population-based cross-sectional studies was set up, assessing HPV prevalence in urine samples from girls and young women not yet targeted by the national screening program [12] .
The aim of the current study was to assess the impact of the Norwegian school-based HPV immunization program, by comparing the HPV prevalence in urine samples from 17-year-old girls in 3 birth cohorts: the first vaccine-eligible cohort and 2 birth cohorts not eligible for routine HPV vaccination. We studied the direct effect in vaccinated individuals and the potential herd effect in nonvaccinated individuals. Furthermore, the cross-protective effect against nonvaccine types and possible type replacement were assessed. Finally, the total effectiveness of the program (direct plus indirect effects) was estimated.
METHODS

Inclusion and Sampling
Girls from 3 birth cohorts (1994, 1996 , and 1997) were eligible for inclusion. Girls born in 1994 (baseline cohort) and 1996 were not eligible for HPV vaccination. Girls born in 1997 (vaccine cohort) were the first birth cohort eligible for HPV vaccination. The Norwegian Central Population Registry was used to obtain information on all girls in the 3 birth cohorts residing in Norway as of 1 February the year they turned 17 (2011, 2013 , and 2014 for girls born in 1994, 1996, and 1997, respectively). Girls were invited by mail around their 17th birthday. Due to an administrative error, 5260 girls born in November/December 1994 were not invited. In total, 25 811 girls born in 1994, 31 749 girls born in 1996, and 31 389 girls born in 1997 were invited.
Upon informed consent, girls received a urine sampling kit and were asked to return a first-void urine sample to the Norwegian Institute of Public Health. The sample device contained boric acid to prevent bacterial growth. All samples were registered, aliquoted, and stored at -80°C prior to analysis at the Norwegian HPV Reference Laboratory at Akershus University Hospital. Participants received 2 cinema tickets as compensation. All samples received by 26 November 2014 were analyzed for HPV by 19 August 2015 and have been included in the statistical analyses.
The study was approved by the Regional Committee for Medical and Health Research Ethics, South East Norway and the Norwegian Data Protection Authority.
HPV Vaccination
Individual records on HPV vaccination were retrieved from the Norwegian Immunisation Registry. Notification of all vaccinations provided through the national childhood immunization program is mandatory without the need for consent [13] . HPV vaccinations provided outside the immunization program are notifiable, but the vaccinees or their parents/guardians may oppose notification. Thus, vaccination outside the program may be subject to some underreporting. However, the effect on our results is most likely negligible as only a total of 1000-2000 girls/women per year were prescribed HPV vaccine outside the immunization program from 2007 to 2014 [14] .
Vaccine doses administered <15 days prior to urine sampling were unlikely to have a clinical impact and were not taken into account.
When comparing invited and participating girls, vaccine uptake was calculated as of 1 January the year of urine sampling for the respective birth cohorts.
Girls who had not received any doses of HPV vaccine were defined as unvaccinated, whereas girls who had received all 3 doses were defined as vaccinated. Partially vaccinated girls were excluded from analysis.
HPV Testing
DNA extraction and HPV genotyping were performed at the Norwegian HPV Reference Laboratory as previously described [12] . In brief, the presence of HPV DNA was investigated using a modified GP5 + /GP6 + polymerase chain reaction (PCR) protocol [15] , followed by Luminex-based genotype detection [16] . Sample adequacy was evaluated through a β-globin PCR assay. [1] . The samples were analyzed consecutively with overlaps between birth cohorts, according to the same genotyping protocol.
The HPV prevalence data was linked to data from the Central Population Registry and to the immunization records, using the unique personal identifier allocated to all Norwegian citizens.
Statistical Analysis
We calculated the prevalence with corresponding 95% Wilson score confidence intervals (CIs) [17] for each individual HPV type and for the following combinations: "any HPV type, " "any HR type, " "any probably/possibly HR type, " "any LR type, " "vaccine types (HPV-6/11/16/18), " "HPV-16/18, " "HPV-6/11, " "any nonvaccine HR type, " "any HR type other than HPV-16/18/31/33/45, " "HPV-31/33/45 (HR types for which cross-protection has been suggested), " "HPV-31/33/45/52/58 (additional HR types in the nonavalent vaccine), " "HPV-6/11/16/18/31/33/45/52/58" (nonavalent vaccine types), as well as for multiple HPV infection.
To compare HPV prevalence between groups, we calculated relative risks (RRs) with 95% Koopman CIs [18] . Girls born in 1996 and girls born in 1997 were compared to girls born in 1994 (baseline cohort). Girls born in 1997 were also compared to girls born in 1996. To estimate total effectiveness of the HPV immunization program (direct effect plus herd effect), we compared vaccinated girls born in 1997 (vaccine cohort) to unvaccinated girls in the baseline cohort [19] . To estimate herd effect, we compared unvaccinated girls in the vaccine cohort to unvaccinated girls in the baseline cohort. Finally, we compared vaccinated and unvaccinated girls within the vaccine cohort. Adjusting for region of residence using log-binomial regression did not change the estimates and is not included in the results section.
All tests were 2-sided, and P values <.05 were considered statistically significant. The data were analyzed with Stata/SE 15.0 (StataCorp) software.
RESULTS
Approximately 20% of the invited girls participated by delivering a urine sample (Table 1) . We observed small differences in participation rates between the northern, middle, western, southern, eastern, and capital regions of Norway, ranging from 19.8% to 23.1% for the 1994 cohort, from 17.0% to 20.0% for the 1996 cohort, and from 21.7% to 24.5% for the 1997 cohort. In total, 17 749 urine samples were analyzed.
Vaccine uptake was higher in participating than in all invited girls (Table 1) . Among participating girls born in 1994, 1996, and 1997, 1.7%, 3.8%, and 77.0%, respectively, had received 3 doses of HPV vaccine. The mean age at first dose was higher in the 1994 and 1996 cohorts than in the 1997 cohort, but similar among invited and participating girls within each cohort (15.1, 14.6, and 12.5 years, respectively).
At the cohort level, the prevalence of any HPV type declined from 19.9% (95% CI, 18.8%-21.0%) in the baseline cohort to 11.5% (95% CI, 10.8%-12.3%) in the vaccine cohort (RR, 0.58 [95% CI, .53-.63]), corresponding to an overall reduction, irrespective of HPV type, of 42% (95% CI, 37%-47%) ( Table 2 ). The prevalence of vaccine types declined from 7.4% (95% CI, 6.7%-8.1%) in the baseline cohort to 1.4% (95% CI, 1.1%-1.7%) in the vaccine cohort (RR, 0.19 [95% CI, .15-.24]), corresponding to a reduction of 81% (95% CI, 76%-85%). Furthermore, significant reductions were observed for combinations of nonvaccine types as well as for several single nonvaccine types, including LR types, probably/possibly HR types, and the HR types HPV-31, -33, -39, -45, -51, -52, and -59 (Table 2, Figure 1 , Table 2 ). The prevalence of vaccine types was also significantly reduced (RR, 0.65 [95% CI, .56-.76]). Several nonvaccine-type combinations were also significantly reduced.
When comparing the vaccine cohort to the 1996 cohort, we observed a significant decline in the prevalence of any HPV type, vaccine types, and several nonvaccine type combinations, as well as some single nonvaccine types (Supplementary  Table 2 ).
Compared to unvaccinated girls in the baseline cohort, the prevalence of any HPV type was significantly reduced in both unvaccinated and vaccinated girls in the vaccine cohort (RR, 0.54 [95% CI, .46-.63] and 0.59 [95% CI, .54-.65], respectively; Table 3 ). For vaccine types, the prevalence declined from 7.7% (95% CI, 7.0%-8.4%) in unvaccinated girls in the baseline cohort to 3.5% (95% CI, 2.6%-4.6%) in unvaccinated girls and to 0.8% (95% CI, 0.6%-1.1%) in vaccinated girls born in 1997. This corresponds to a reduction of 54% (95% CI, 39%-66%) in unvaccinated and 90% (95% CI, 86%-92%) in vaccinated girls born in 1997. Among vaccinated girls born in 1997, significant Table 3) . Similar patterns were observed for vaccine types and several nonvaccine-type combinations.
DISCUSSION
In this large, population-based, cross-sectional study, we found a significant reduction in HPV prevalence after introduction of the HPV vaccine in Norway. The overall reduction of any HPV type was 42%, and the reduction in vaccine types was 81% in the vaccine cohort, as compared to the baseline cohort. The total effectiveness of the HPV immunization program against vaccine types was 90%. A reduction in several nonvaccine types was also observed. The reduction of HPV-31/33/45 combined was 68%. Within the vaccine cohort, the prevalence of vaccine types was reduced by 77% in vaccinated as compared to unvaccinated girls. Significant reductions in vaccine types and several nonvaccine types were also observed in unvaccinated girls born in 1997, indicating herd effect.
A major strength of the current study is the large sample size and the population-based design. The study is one of the largest of its kind, with 17 749 samples tested for 37 HPV genotypes. The vaccine impact was assessed at age 17 years, 5 years after vaccination. In studies in cervical screening populations, vaccine impact is generally measured at a higher age.
Individual records from the Norwegian Immunisation Registry enabled linkage of HPV prevalence data to individual HPV vaccination status. Notification to the Norwegian Immunisation Registry is mandatory, and information from the electronic patient record systems is transferred electronically to the immunization registry [13] . Thus, registration is considered nearly complete.
Another strength is the high uptake of HPV vaccine in 12-to 13-year-old girls, in general not yet sexually active, and thus probably HPV naive. The mean age at first vaccine dose was 12.5 years. In a recent study from Norway, only 3% of students in upper secondary school reported to have had sexual intercourse before the age of 14 [20] . No catch-up vaccination was offered in Norway until 2016, and vaccine uptake was low in age cohorts not eligible for routine HPV vaccination. Thus, the presented results are likely to reflect the effectiveness of the vaccination program in a largely HPV-naive population. Urine sampling is noninvasive and reported to be preferred over self-collecting cervicovaginal swabs [21, 22] . In young prescreening populations, as in our study, urine sampling may provide higher response rates than self-collected genital swabs, as demonstrated in nonattenders to cervical screening at age 21 [23] . The HPV prevalence may be lower in urine samples than in cervical samples [24] [25] [26] . However, several studies have found a good agreement between HPV detected in urine and cervical samples, and urine sampling has been suggested as an adequate alternative to monitor the impact of HPV immunization programs or to increase uptake in screening [22, [25] [26] [27] [28] .
The response rate in our study was quite low, although higher than reported from similar studies in the same age group [29] [30] [31] . The low response rate may have caused selection bias. We have no information on sexual history or socioeconomic factors, and participating and nonparticipating girls may differ in these respects. We would, however, expect any association between these factors and the willingness to participate to be similar across the invited birth cohorts. The recruitment procedure was identical for all birth cohorts. The median age at first in Norway, intercourse has been stable in the period 2002-2017 [20, 32, 33] . Thus, we believe that the comparisons between birth cohorts are valid. The HPV vaccine uptake was higher in participants than in nonparticipants. However, in several previous studies, including one with Norwegian data, no association between HPV vaccination and sexual behavior was seen [30, [34] [35] [36] [37] . The vast majority of HPV-vaccinated girls in our study were vaccinated before becoming sexually active, further reducing the probability of an association between HPV vaccination and sexual behavior. Nevertheless, due to possible selection bias, we cannot rule out the possibility that unvaccinated and vaccinated participants in our study differ with regard to sexual behavior. If non-sexually active unvaccinated girls were more willing to participate than sexually active unvaccinated girls, the measured HPV prevalence in unvaccinated girls would be lower than in the total unvaccinated population of girls born in 1997. This could partly explain the slightly higher prevalence of nonvaccine types observed in vaccinated as compared to unvaccinated girls born in 1997. Given such selection bias, the vaccine effectiveness would be underestimated, whereas the herd effect would be overestimated.
Samples from the baseline cohort were collected in 2011, 2 years into the HPV immunization program. The girls in the first vaccine-eligible birth cohort were only 14 years old in 2011. We therefore believe the herd effect in the 3-years-older unvaccinated baseline cohort to be minimal.
The HPV prevalence in the 2 nonvaccine-eligible cohorts is comparable to findings in urine samples from 15-to 18-year-old girls in Scotland, prior to HPV vaccine introduction [29] . Other population-based studies in similar age groups have reported somewhat higher prevalence of any HPV type, but lower prevalence of vaccine types in self-collected cervical samples [30, 38] .
We observed a substantial reduction in HPV vaccine types, consistent with reports from other countries [3, 4, 6, [39] [40] [41] . Moreover, in line with previous studies [3, 4, 6] , we found a strong herd effect in unvaccinated girls.
Previous meta-analyses, including data on both quadrivalent and bivalent vaccine, have found evidence of cross-protection against HPV-31 or the combination HPV-31/33/45 [3, 5] , whereas a slight increase in HPV-39 and -52 was found in one meta-analysis [5] . Cross-protection against HPV-31, -33, -35, -45, and -52 has been reported for the bivalent vaccine [6, 41] . We observed significant reduction in several single nonvaccine types, including LR types, probably/possibly HR types, and the HR types HPV-31, -33, -39, -45, -51, -52, and -59, both when comparing the vaccine cohort to the baseline cohort and when comparing vaccinated girls in the 1997 cohort to unvaccinated girls in the baseline cohort. The observed reduction of nonvaccine types may be due to changes in sexual behavior, natural variation, cross-protection, or unknown causes. There is no indication of a change in sexual behavior in Norway during recent years [20, 32, 33] . Natural variation may explain some of the decline in HPV types where cross-protection has previously not been suggested. However, natural variation alone seems unlikely to have caused such a large reduction, in particular for vaccine types and known cross-protective types. Alternatively, the reduction of nonvaccine types could be linked to the absence of HPV-16/18, which is known to impair the immune response in the cervix, in particular through depletion of Langerhans cells [42, 43] . The reduction could also be attributable to vaccine-induced cross-reactivity of CD4 T-helper cells, as suggested in an earlier study [44] . They observed a significant reduction in HPV-6, -11, and -74 in HPV-naive girls and women vaccinated with bivalent vaccine, not targeting HPV-6/11. Although a higher level of cell-mediated immune response has been found for the bivalent AS04 adjuvanted vaccine than for the quadrivalent vaccine [45] , our findings may suggest a role for cross-protective cellular immunity in naive cohorts vaccinated with non-AS04 adjuvanted vaccines.
Interestingly, we also observed a significant reduction in several single nonvaccine types in unvaccinated girls in the vaccine cohort, suggesting a possible cross-protective herd effect, also reported for the bivalent vaccine [6] .
As previously reported, we also observed a significant reduction in HPV prevalence in the 1996 cohort [12] . Given the large herd protection in unvaccinated girls, it seems likely that the reduction in HPV prevalence in the 1996 cohort, at least partially, is caused by herd effect, and not entirely by natural fluctuation in the occurrence of HPV. Girls born in 1996 are only 1 year older than the first vaccine-eligible cohort, and urine samples were collected in 2013, 4 years into the vaccination program.
We observed no indication of type replacement after the introduction of the HPV immunization program in Norway, in line with recent findings from Scotland [6] . This must, however, be followed closely over the coming years as more birth cohorts enter the program.
Although the prevalence of vaccine types was lower among vaccinated than unvaccinated girls within the 1997 cohort, no difference in prevalence of any HPV type was observed, as previously reported [31, 40] . A slightly higher prevalence of some nonvaccine types was observed in vaccinated compared with unvaccinated girls in the 1997 cohort. However, in both groups the prevalence was significantly lower than in unvaccinated girls in the baseline cohort. Similar findings were recently reported in Australia [40] . This may be explained by unmasking of nonvaccine types due to lack of primer competition in the PCR assay in the absence of HPV-16/18 in samples from vaccinated girls [40, 46] .
The prevalence of multiple infections was high, consistent with findings from other studies [47, 48] , but declined following vaccination. The interplay between multiple HPV infections and changes in HPV prevalence following introduction of HPV vaccination programs warrants further investigation.
CONCLUSIONS
Single-cohort delivery of HPV vaccine to 12-to 13-year-old girls was associated with a reduction in vaccine types of 90% in vaccinated and 54% in unvaccinated girls in the first vaccine-eligible cohort 5 years after vaccination. A substantial reduction in nonvaccine types was observed in both vaccinated and unvaccinated girls, suggesting cross-protection and herd effect. No indication of type replacement was observed. The early impact of the HPV immunization program in this largely HPV-naive Norwegian population seems more beneficial than anticipated upon introduction of the vaccine in 2009, but more effectiveness studies in HPV-naive populations are needed to confirm the findings. With the growing amount of evidence for sustained long-term protection of HPV vaccine [49, 50] , we feel optimistic that the observed reduction in HPV prevalence in urine samples may translate into a future decline in the incidence of precancerous lesions and cervical cancer in Norway.
Supplementary Data
Supplementary materials are available at The Journal of Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author. 
